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Urbanization represents an extreme transformation of more
natural systems. Populations of most species decline or disappear
with urbanization, and yet some species persist and even thrive in
cities. What determines which species persist or thrive in urban
habitats? Direct competitive interactions among species can influ-
ence their distributions and resource use, particularly along
gradients of environmental challenge. Given the challenges of
urbanization, similar interactions may be important for determin-
ing which species persist or thrive in cities; however, their role
remains poorly understood. Here, we use a global dataset to test
among three alternative hypotheses for how direct competitive
interactions and behavioral dominance may influence the breed-
ing occurrence of birds in cities. We find evidence to support the
competitive interference hypothesis: behaviorally dominant spe-
cies were more widespread in urban habitats than closely related
subordinate species, but only in taxa that thrive in urban
environments (hereafter, urban adapted), and only when domi-
nant and subordinate species overlapped their geographic ranges.
This result was evident across diverse phylogenetic groups but
varied significantly with a country’s level of economic develop-
ment. Urban-adapted, dominant species were more widespread
than closely related subordinate species in cities in developed,
but not developing, countries; countries in economic transition
showed an intermediate pattern. Our results provide evidence
that competitive interactions broadly influence species responses
to urbanization, and that these interactions have asymmetric ef-
fects on subordinate species that otherwise could be widespread
in urban environments. Results further suggest that economic de-
velopment might accentuate the consequences of competitive in-
teractions, thereby reducing local diversity in cities.

urbanization | interference competition | behavioral dominance | urban
adaptation | economic development

ore than one-half of the people on Earth now live in a city
(1); the rapid conversion of relatively natural habitats to
urban habitats and the desire to mitigate the subsequent loss of
species has fueled the question: How can some species persist—
and occasionally flourish—in the face of urbanization, while
most do not? Some previous studies have found urban species to
have larger brains, broader environmental tolerance, altered
endocrine responses, and increased behavioral flexibility, all
differences that are thought to be adaptive (2-6). The influence
of competitive interactions among species on the differential
response of species to urbanization has received less attention,
despite recent work suggesting that direct competitive and aggres-
sive interactions (interference competition) among species may
have an underappreciated importance in nature (7-9), and evidence
suggesting that competitive ability may covary with boldness and
environmental tolerance (10, 11)—both traits thought to be im-
portant for adaptation to urban environments (3, 6, 12).
Competitive interactions among pairs of species are usually
asymmetric, with one consistently dominant species and one
consistently subordinate species (13, 14). In animals, these in-
teractions often involve direct aggression among species (7-9),
with dominant species aggressively displacing subordinates from
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shared resources such as food, roost sites, breeding sites, or
habitat (7, 13, 14). Many other traits covary with behavioral
dominance (11, 15), and thus we might expect competitive in-
teractions to influence the fate of species confronting urbaniza-
tion either directly (e.g., through competitive exclusion from a
resource) or indirectly through other covarying traits (e.g.,
boldness or aggression) that are adaptive in urban environments
(6, 12). The influence of behavioral dominance on the occur-
rence or distribution of species in cities, however, is likely to
depend on the degree to which urban habitats represent an op-
portunity for species, or, more commonly, a challenge. We
propose three alternative hypotheses to describe how behavioral
dominance might directly or indirectly influence the occurrence
and distribution of species in cities.

H,, Subordinate Tolerance Hypothesis

Urban habitats are novel, challenging environments for most
organisms because they represent a recent and dramatic shift
from historical habitats within which species have evolved (16,
17). For example, urban environments have greater human
disturbance, high-density predator populations (e.g., meso-
predators), increased artificial light, higher levels of pollution
and toxins, and fewer areas of relatively natural habitat that
provide the resources that most species require (18, 19). When
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confronted with these challenges, most species decline in abun-
dance with increasing urbanization, and many species do not
persist in cities (20, 21). Among the species that do persist in
cities, we might expect subordinate species to prevail. Sub-
ordinate species are often excluded from preferred resources
and habitats and, thus, may be better adapted to challenging
conditions than dominant species [e.g., low resource, high pre-
dation, or disturbed environments (10)]. These adaptations
might allow subordinates to persist in the face of the challenges
associated with urbanization when dominant species cannot.
Subordinate species may also be relegated to urban habitat by
dominant species that are unlikely to preferentially occupy areas
of low-quality habitat, such as cities.

H,, Competitive Interference Hypothesis

Despite the challenges presented by urban environments, some
organisms thrive in cities (refs. 20 and 21; hereafter, referred to
as urban adapted). These species take advantage of the many
resources available in urban habitats, including excesses of hu-
man food waste (22), the fruits and flowers of ornamental plants
(21), and the protection that cities provide from other species
that cannot persist in urban environments, such as large preda-
tors (23). When closely related species are able to take advan-
tage of urban resources in this way (i.e., cities provide more
opportunities than challenges), we may expect behaviorally
dominant species to monopolize urban habitats (10, 12, 24),
excluding or reducing the abundance of ecologically similar,
subordinate species that might otherwise prosper in cities. These
competitive interactions would reduce the occurrence of sub-
ordinate species in cities, but only where dominant species co-
occur (sympatry). Additionally, historical interactions between
urban-adapted dominant and subordinate species may have led
to the ecological divergence of subordinate populations or spe-
cies in sympatry (15) (through evolution or ecological sorting)
that reduces their ability to prosper in urban environments. Such
historical competitive interactions could lead to patterns similar
to those caused by ongoing competitive exclusion, where urban-
adapted dominants thrive in urban habitats while closely related
subordinates do not.

H;, Dominant Advantage Hypothesis

Another alternative exists: The challenges of cities may favor
specific traits possessed by behaviorally dominant, but not sub-
ordinate, species. The aggression involved in behavioral domi-
nance is closely linked to other traits such as boldness and
tolerance of disturbance—traits that may provide important fit-
ness benefits to the challenges of city life (11, 12). If these ad-
aptations predispose dominant species to tolerate challenges of
urban environments (e.g., human disturbance) or allow them to
take advantage of the novel resources that urban environments
provide (e.g., unconventional foods or breeding sites), then we
might expect behaviorally dominant species to prevail in cities
(12). In such cases, adaptations that covary with dominance
might help dominant species to overcome specific challenges of
cities and create resource opportunities unavailable to sub-
ordinate species (12).

Tests of Hypotheses

Here, we test among these alternative hypotheses to determine
how behavioral dominance might directly or indirectly influence
the occurrence of species in urban environments. To do this, we
surveyed the breeding birds of large cities from around the world
(Fig. 14 and SI Appendix), focusing on species for which domi-
nance relationships among closely related species (congeners)
had been documented in previously published work. Once we
assembled our list of focal species (Fig. 1B and SI Appendix), we
contacted birders and ornithologists from around the world who
knew the breeding birds of large cities and asked them to char-
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Fig. 1. Sampling distributions. (A) Geographic distribution of the cities (red
dots) for which we obtained bird breeding occurrence data (n = 260 cities).
(B) Phylogenetic distribution of focal species (n = 296 species, representing
142 phylogenetically independent comparisons of dominant and sub-
ordinate congeners from 66 taxonomic families of birds). Colors correspond
to different propensities of species pairs to breed in cities in C, with red
indicating higher propensities (values >2), illustrated with examples. Bird
illustrations reproduced with permission from del Hoyo J, Elliott A, Sargatal
J, Christie DA, de Juana E (eds) (2018) Handbook of the Birds of the World
Alive (Lynx Edicions, Barcelona) (retrieved from www.hbw.com/ on January
2018). (C) Distribution of focal species pairs relative to their propensities for
breeding in cities. The propensity to breed in cities was calculated for each
paired dominant and subordinate species (one value for each pair) as the
maximum breeding occurrence within a species pair for each city, averaged
across all focal cities that overlapped their breeding ranges. Thus, a species
pair that barely persists in cities would have a score close to 0, while a pair
that is widespread in cities would have a score close to 3. Species pairs with a
value of 0 (absent from all focal cities across their breeding distributions)
were omitted from this study.

acterize the breeding occurrence of each focal species in urban
habitats within the city as follows: absent, a local breeder in just a
few locations within the city, between a local and widespread
breeder, or a widespread breeder across the city. We used these
scores to estimate the propensity for species pairs (i.e., a domi-
nant species paired with its subordinate congener) to breed in
cities (Fig. 1C; one value for each species pair), which we use as
an index of the degree to which cities represent an opportunity
or a challenge—a critical component of the diagnostic predic-
tions of the hypotheses that we tested (Fig. 24). We used this
index, coupled with survey data, to test our null and three al-
ternative hypotheses that predict different patterns of breeding
occurrence for dominant and subordinate species within a spe-
cies pair as a function of their shared propensity to breed in cities
(Fig. 24). Our analysis calculated mean breeding occurrence
values across observers for each species in each city, weighted by
the observer’s self-reported ability, and thus our response vari-
able ranged continuously between 0 (absent) and 3 (widespread,
Fig. 2B).

The processes that structure species assemblages, such as
competition, are often thought to be context dependent, varying
across geographic locales, species assemblages, and taxonomic
groups (25, 26). Upon finding evidence consistent with the
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Fig. 2. Predictions and test of hypotheses. (A) Predictions. Three alternative hypotheses and the null predict distinct patterns of breeding occurrence of birds
in urban habitats. Lines show predicted patterns for dominant (red) and subordinate (blue) species. For H,, we distinguished between cities that occurred
within (sympatry) or outside of (allopatry) areas of range overlap. (B) Data. In allopatry, breeding occurrence values of dominant and subordinate congeners
were similar; in sympatry, dominant species were more widespread than subordinate congeners when species pairs had a high propensity to breed in cities.
Each point in the figures represents the breeding occurrence of one species in one city (allopatry, n = 3,425; sympatry, n = 2,193); point size reflects the
number of overlapping points (see legend at Top Left of graphs). Solid lines (red, dominants; blue, subordinates) are loess splines (span = 1.5) with 95%
confidence limits shown in gray. Breeding occurrence values are means for each species in each city (averaged across observers, weighted by observer ability),
and range from 0 (absent from urban habitats) to 3 (widespread breeder in urban habitats). Propensity to breed in cities was calculated for each paired
dominant and subordinate species as the maximum breeding occurrence within a species pair for each city, averaged across all focal cities that overlapped
their breeding ranges (one value per species pair; same value for sympatry and allopatry). (C) Model results. In allopatry, breeding occurrence values of
dominant and subordinate congeners did not differ [Bayesian generalized linear mixed model (MCMCglmm), difference in slopes, Pycmc = 0.80]. In sympatry,
dominant species were more widespread than subordinate congeners when species pairs had a high propensity to breed in cities (MCMCglmm, difference in
slopes, Ppmcmc < 0.0001). Solid lines (red, dominants; blue, subordinates) are model-predicted values with 95% confidence limits in gray. Slopes in C are
flattened relative to slopes in B because statistical models in C incorporated standardized breeding occurrence values (y axes) = [breeding occurrence value —
mean(breeding occurrence for the species pair)]/[2 x SD(breeding occurrence for the species pair)]. See B for definition of propensity to breed in cities (x axis).

competitive interference hypothesis, we tested whether our main
result reflected a general pattern across evolutionary lineages of
birds around the world (SI Appendix, Tables S1 and S2). We
found striking variation in our main effects across continents,
with Europe, North America, and Australia showing evidence
consistent with, and Africa, South America, and Asia showing
evidence inconsistent with, the competitive interference hy-
pothesis. Continent identity is unlikely to influence the outcome
of species interactions itself; thus, we tested the predictions of all
plausible alternative hypotheses that we could think of to explain
the continental variation that we had found. In total, we tested
12 alternative hypotheses that could potentially explain this
geographic variation, including variation in latitude, climate,
economic development, human population, phylogeny, and
sampling (S Appendix, Tables S3 and S4).

Results

We found patterns consistent with both the competitive in-
terference hypothesis and the subordinate tolerance hypothesis
acting through a mechanism of dominance interactions; our re-
sults were inconsistent with the dominant advantage and null
hypotheses (Fig. 2). Dominant and subordinate species were
equally likely to occur in cities where their ranges did not overlap
[Fig. 2 B and C, allopatry; Bayesian generalized linear mixed
model (MCMCglmm), difference in slopes (subordinates relative
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to dominants) in allopatry, estimate = —0.0087; 95% CI: —0.075,
+0.057; Pymemce = 0.80], suggesting that dominant and sub-
ordinate species do not consistently differ in their ability to
persist or thrive in urban environments when the focal species do
not have an opportunity to interact. In cities where their ranges
did overlap (sympatry), however, dominant species were more
widespread as breeders in urban habitats than closely related
subordinate species, but only in species pairs that had a high
propensity to breed in urban environments [Fig. 2 B and C,
sympatry; MCMCglmm, difference in slopes (subordinates rela-
tive to dominants) in sympatry, estimate = —0.42; 95% CI:
—0.50, —0.33; Ppiemc < 0.0001; ST Appendix, Table S1; subordinate
occurrence relative to dominant at highest level of breeding
propensity, estimate (sympatry) = —0.60; 95% CI: —0.69, —0.51;
Pyvieme < 0.0001]. The reduced prevalence of urban-adapted
subordinate species when sympatric with dominants was evi-
dent when we reanalyzed our data as bivariate (present versus
absent) (SI Appendix, Fig. S1) and with all zero occurrence val-
ues removed (SI Appendix, Fig. S2), and persisted after con-
trolling for spatial autocorrelation [SI Appendix, Table SS5;
generalized least-squares model (gls); subordinate occurrence
relative to dominant at highest level of breeding propensity, es-
timate (sympatry) = —0.43; 95% CI: —0.57, —0.29; P < 0.0001]. In
cities where their ranges overlapped, subordinate species were
more widespread in urban habitats than closely related dominant
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species in species pairs that had a very low propensity to breed in
urban environments (Fig. 2C, sympatry; MCMCglmm; subordinate
occurrence relative to dominant at lowest level of breeding pro-
pensity, estimate = +0.18; 95% CIL: +0.094, +0.26; Pyiemce <
0.0001); this pattern was weaker after controlling for spatial au-
tocorrelation (gls; subordinates relative to dominants at lowest
level of breeding propensity, estimate = +0.11; 95% CI: —0.0068,
+0.23; P = 0.00).

Phylogeny. Incorporating phylogeny into our analysis yielded similar
results (SI Appendix, Table S1). Dominant and subordinate species
were equally likely to occur in cities where their ranges did not
overlap [MCMCglmm; difference in slopes (subordinates relative to
dominants) in allopatry, estimate = —0.010; 95% CI: —-0.075,
+0.057; Pmemce = 0.77]. In sympatry, however, urban-adapted
dominant species were more widespread as breeders in urban
habitats than closely related subordinate species [MCMCglmm,
difference in slopes (subordinates relative to dominants) in sym-
patry, estimate = —0.42; 95% CI: —0.50, —0.34; Ppiemc < 0.0001; ST
Appendix, Table S1; subordinate occurrence relative to dominant at
highest level of breeding propensity (sympatry), estimate = —0.60;
95% CI: —0.69, —0.51; Pyemce < 0.0001]. For urban-challenged
species pairs (i.e., species pairs that occupied few cities within
their geographic ranges), subordinate species were again more
widespread in sympatry than closely related dominant species
[MCMCglmm, subordinate occurrence relative to dominant at
lowest level of breeding propensity (sympatry), estimate = +0.18;
95% CI: +0.094, +0.26; Ppiemc < 0.0001]. The similarity of results
between models that incorporated phylogeny and those that did
not suggests that our main results were not driven by differences in
breeding occurrences in one or a few lineages, but instead reflect a
broader pattern across the evolutionary lineages in our study.
Nonetheless, variation among phylogenetic groups was signifi-
cant in our models [MCMCglmm, effect of phylogeny (random
effect), estimate = +0.00081; 95% CI: +0.00015, +0.0019].

Geography. Incorporating continent into our statistical models
revealed significant variation in our main result across continents
(81 Appendix, Table S2). The relationships between the pro-
pensity for species pairs to breed in cities and dominance were
qualitatively similar across Australia, Europe, and North
America (SI Appendix, Figs. S3 and S4), where subordinate
breeding occurrence values were lower in sympatry for species
pairs with higher propensities to breed in cities (SI Appendix, Fig.
S4 and Table S2). In contrast, dominant and subordinate species
showed no striking differences in breeding occurrence across
Africa, Asia, or South America in sympatry or allopatry (S
Appendix, Figs. S3 and S4 and Table S2). For urban-challenged
species, only Europe showed differences between subordinate
and dominant occurrence when species were sympatric, with
urban-challenged subordinate species more widespread than
closely related dominant species (nonoverlapping 95% confi-
dence limits; SI Appendix, Fig. S4B).

Alternative Hypotheses to Explain Geographic Variation. Of the
12 alternative hypotheses that we tested, variation in a country’s
level of economic development (27) was the only factor that
improved model fit over continent (SI Appendix, Tables S3 and
S4) and remained important overall, and in an interaction with
our main effects, after controlling for spatial autocorrelation (S
Appendix, Table S5). Dominant, urban-adapted species were
more widespread than their subordinate congeners in sympatry,
but not allopatry, when cities were in economically developed
countries [Fig. 3 and SI Appendix, Table S4; MCMCglmm, dif-
ference in linear slopes (subordinates relative to dominants) in
sympatry, estimate = —22.01; 95% CI: —26.19, —17.61; Pmcwmc <
0.0001; allopatry, estimate = —1.04; 95% CI. —4.62, +2.45;
Pyemce = 0.56]; the pattern was absent from cities in economi-
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cally developing countries [Fig. 3 and SI Appendix, Table S4;
MCMCglmm, difference in linear slopes (subordinates relative
to dominants) in sympatry, estimate = —0.40; 95% CI: —6.18,
+5.47; Pymemc = 0.89; allopatry, estimate = +3.23; 95% CI: —0.64,
+7.12; Ppemce = 0.10]. Cities in countries with economies in
transition between developing and developed showed an in-
termediate pattern between the two [Fig. 3 and SI Appendix,
Table S4; MCMCglmm, difference in linear slopes (subordinates
relative to dominants) in sympatry, estimate = —14.78; 95%
CI: =22.00, —=7.63; Pmemc < 0.0001; allopatry, estimate = —9.42;
95% CI: —18.89, —0.002; Pyicmc = 0.051].

Discussion

We tested the predictions of three alternative hypotheses and a
null for how behavioral dominance and interference competition
might directly or indirectly influence the response of bird species
to urbanization (Fig. 24). We found evidence consistent with the
competitive interference hypothesis, where behaviorally domi-
nant bird species were more widespread than closely related
subordinate species, but only when the species overlapped their
geographic ranges, and only when the species pairs were preva-
lent in urban environments (urban adapted) (Fig. 2). These
patterns could result from direct competitive exclusion, from
divergent evolution of sympatric, subordinate species that re-
duces their ability to occupy urban habitats, or both.

The reduced occurrence of urban-adapted, subordinate spe-
cies in sympatry (Fig. 2) is consistent with a mechanism of
asymmetric, interference competition, and inconsistent with al-
ternative hypotheses for interactions among species. Exploitative
competition and interactions mediated by shared predators and
parasites are all indirect interactions that do not provide a
consistent advantage to dominant over subordinate species, and
thus do not predict subordinates to become less common in
sympatry. Indeed, subordinate species can outcompete dominant
species in exploitative competition for food [European tits,
Paridae (28)], while the costs of indirect interactions through
predation can impact dominant and subordinate species similarly
[wood warblers, Parulidae (29)]. In both of these examples, and
others (14, 30), however, direct (interference) competition be-
tween the species favored the behavioral dominant (28, 29).

Experiments would have been an ideal way to provide direct
evidence for a causal role of competition, but repeated experi-
ments across species and cities were not possible in this study.
Our approach instead used comparative analyses that allowed
spatial and phylogenetic breadth (Fig. 1) that experiments could
not achieve. The results are compelling because subordinates are
less common in urban habitats only when they co-occur with
closely related dominants in sympatry—a pattern that provides
strong evidence that interactions between the species underlie
the difference in occurrences between dominant and subordinate
congeners. These patterns are also repeated across diverse
groups and geographic locations; other factors that might cor-
relate with sympatry in one species pair (e.g., habitat differences)
are unlikely to explain the repeated patterns across such a dis-
parate and diverse array of species and cities.

Experimental evidence from a diverse array of species, how-
ever, has documented socially dominant species impacting the
distribution of subordinate species in nature, which is the
population-level parameter of direct relevance to our study. For
example, removal experiments have shown that dominant species
exclude subordinates from preferred habitats (i.e., the pop-
ulation of subordinates in those habitats declines or becomes
zero when the dominant is present) [e.g., chipmunks (31), crayfish
(32), fish (33, 34), salamanders (35, 36)]. No studies have ex-
tended similar experimental work to birds in urban habitats;
however, intensive studies of Old World sparrows (Passer)
suggest that behaviorally dominant house sparrows (Passer
domesticus) limit population expansion of Eurasian tree sparrows
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(Passer montanus) into suburban and urban habitats by restricting  strict subordinate species from preferred habitats outside of
their access to nest sites through aggression (37-39). An al-  cities, with a secondary effect on their distribution within
ternative mechanism, whereby dominant species might re- cities (e.g., reducing the ability of subordinate species to colonize
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Fig. 3. Variation in the urban-breeding occurrence of dominant and subordinate bird species across levels of economic development. (A) Data. Top shows
data for allopatry (i.e., cities where dominant and subordinate congeners did not overlap their breeding ranges); Bottom shows data for sympatry (i.e., cities
where dominant and subordinate congeners overlapped breeding ranges). Economic development categorization follows country-level designations of the
United Nations from 2014 [economically developed countries, countries in transition, and economically developing countries (27)]. Solid lines (red, dominant
species; blue, subordinate species) are loess splines (span = 1.5) with 95% confidence limits shown in gray. Point size reflects the number of overlapping points
(see legend at Top Right of graphs). Sample sizes: allopatry, developed, n = 1,803; in transition, n = 303; developing, n = 1,329; sympatry, developed, n =
1,184; in transition, n = 370; developing, n = 639. See Fig. 2 caption for definitions of axes. (B) Model results. In allopatry, slopes for dominant and subordinate
species did not differ in developed, in transition, or developing countries (MCMCglmm, difference in linear slopes, Pycvc > 0.05; see SI Appendix, Table S4 for
quadratic terms). In sympatry, linear slopes for dominant and subordinate species differed in developed (Pycmc < 0.0001) and in transition countries (Pycvc <
0.0001), but not developing countries (Pycvc > 0.10). Solid lines (red, dominant species; blue, subordinate species) are model predicted values with 95%
confidence limits shown in gray. See A for definition of axes and additional details. Slopes in B are flattened relative to slopes in A because statistical models
in B incorporated standardized breeding occurrence values (y axes) = [breeding occurrence value — mean(breeding occurrence for the species pair)l/[2 x SD
(breeding occurrence for the species pair)].
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urban habitats), could also contribute to the patterns that
we found.

Subordinate Tolerance Hypothesis. The subordinate tolerance hy-
pothesis suggests that subordinate species are better adapted to
challenging conditions than dominant species, including chal-
lenging conditions associated with urbanization. This hypothesis
predicts that subordinate species will be more widespread in
urban habitats than dominant species for urban-challenged
species pairs, regardless of allopatry or sympatry (Fig. 24)—
predictions that were inconsistent with our main results (Fig. 2 B
and C). An alternative mechanism for this hypothesis suggests
that dominant species may actively relegate closely related sub-
ordinate species to less-preferred urban habitats. This mecha-
nism predicts subordinate species to be more widespread in
urban habitats than closely related dominant species, but only
when the species are sympatric—a prediction consistent with our
model results in sympatry (Fig. 2C). These results were geo-
graphically variable (SI Appendix, Fig. S4), and weak after con-
trolling for spatial autocorrelation, leaving us unsure if these
differences reflect a general pattern. Nonetheless, given our
data, we cannot presently reject the subordinate tolerance hy-
pothesis acting through direct competitive interactions among
species with a low propensity to breed in cities.

Economic Development. The ability of economic development to
explain variation in our main effects, and the intermediate pat-
tern evident in countries in transition between developing and
developed economies (Fig. 3), suggests that economic develop-
ment directly or indirectly influences the outcome of dominance
interactions among urban-adapted species when they live in
sympatry. This result is important because it suggests that eco-
nomic development—a goal of most countries (27)—exacerbates
the consequences of competition among closely related species
of birds, reducing the breeding occurrence and diversity of sub-
ordinate species in cities (SI Appendix, Figs. S1 and S2).

Several factors that vary with economic development could
influence the interactions between dominant and subordinate
species in cities. Economically developed cities are characterized
by spatial and temporal clumping of resources, such as excess
food and waste that is highly managed and concentrated in
dumpsters, landfills, and waste treatment facilities (40). This
resource clumping may facilitate the monopolizing of preferred
resources by dominant species at the expense of subordinate
species (41). A second possibility is that the reduced control of
resources (including habitat) in cities in developing countries
(42) may create greater resource breadth or structural com-
plexity that provide resource opportunities for subordinate spe-
cies that dominant species avoid, allowing subordinates to persist
in urban environments when closely related dominants are pre-
sent. A third, and nonexclusive, possibility is that mortality rates
(e.g., from predation, disease) could be higher for birds in cities
in developing nations, reducing population sizes of dominant
species and thwarting competitive exclusion of subordinate spe-
cies from urban habitats (43). The variation in our main effects
with economic development might also reflect a correlation with
other causal factors that we have not yet identified.

Conclusions. We found evidence that direct, competitive interac-
tions broadly influence the occurrence of urban-adapted species
in cities. This result supports recent evidence that interspecific
aggression and direct (interference) competition play an im-
portant role in resource partitioning and community structure
across diverse species (7), and species responses to habitat
degradation are mediated by competitive interactions (44). Our
results also suggest that the effects of competitive interactions
are asymmetric, with subordinate, urban-adapted species ex-
cluded from urban habitats either proximately (e.g., through
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aggression) or through divergent evolution or ecological sorting
in sympatric populations. Finally, if the patterns with economic
development are causal, then our results further suggest that
economic development can intensify the consequences of species
interactions, reducing the occurrence of subordinate species
in cities.

Materials and Methods

Selection of Cities. We accessed human population size data for the world’s
cities from the United Nations (data.un.org/) for the year 2015 (or most re-
cently available data; accessed June 2016) and identified world cities with a
population size greater than 750,000 people. We used this arbitrary cutoff
to identify urban centers that would challenge many species of birds and
that would also provide broad coverage globally with multiple cities across
the ranges of most of our focal species. For countries that were omitted
from the United Nations dataset (e.g., Syria, Madagascar, Morocco), we
referenced data online for cities and population sizes (www.geonames.org/)
and added cities to our dataset (uploaded to Dryad) if their reported
population exceeded 750,000 people.

To increase the spatial independence of data, we removed cities with a
centroid latitude and longitude within 100 km of another city with a larger
human population. We first measured the distances between the centroids of
all cities with more than 750,000 people using the earth.dist function in the R
package fossil (45). For cities within 100 km of each other, we retained the
city with the larger population size and removed the smaller city or cities
from further analysis. After applying these filters, we had a final list of 492
focal cities.

Selection of Species. We systematically compiled a dataset composed of all of
the species pairs for which we could find dominance data for closely related
species of birds within the same genus (following the taxonomy of ref. 46).
This compilation involved an exhaustive search of recent reviews (14, 15, 30),
regional ornithological references, and other published observations [see S/
Appendix and dataset (doi: 10.5061/dryad.t85bf04) for details]. Behaviorally
dominant species were defined as those that won the majority of aggressive
contests with subordinate species [where majority was defined by a signifi-
cant (P < 0.05) binomial test for asymmetry], or those that were described as
behaviorally dominant over the subordinate species in the literature and
where data were not accessible for statistical testing (15). Aggressive inter-
actions included chases, supplantings, displacements, kleptoparasitism, and
physical fights (following ref. 15) and were usually associated with a contest
over a specific resource (e.g., food). We provide a full list of our focal species
and their dominance relationships in S/ Appendix, and references for dom-
inance relationships in our dataset.

For our final dataset, we selected only the youngest, phylogenetically
independent species pairs for which we had dominance data, provided that
one of them was recorded breeding in urban habitats in one of our focal
cities (i.e., the breeding occurrence of one of the species was >0). Species
pairs where neither species was recorded as breeding in urban habitats in
our focal cities were excluded from the analysis. We selected only the
youngest species pairs because these are more likely to share ecological
traits through recent common ancestry (47), and are thus more likely to
interact ecologically (48) and to share adaptations that influence their pro-
pensity to breed in urban habitats (2, 49, 50). The youngest species pairs are
also less likely to differ in other traits, improving our ability to isolate the
effects of dominance from other unrelated differences among the species
that could influence their propensity to occur in cities (30). For all compar-
isons, each subordinate species was more closely related to its dominant
species than to any other dominant-subordinate species pair in our dataset
(following the most recently available phylogenies for each clade), meaning
that each dominant and subordinate species pair represented an evolu-
tionarily independent comparison. We provide specific references that we
used to determine phylogenetic relationships in the dataset.

Most congeneric species pairs of birds lack data on dominance relation-
ships, and thus our dataset misses many of the world'’s birds. Such omissions
are common in any comparative study where focal data are rare. The species
pairs included in our dataset, however, are diverse (Fig. 1B) and should not
be biased with respect to the hypotheses that we tested because the dom-
inance relationships among species were studied and reported for reasons
unrelated to urbanization and compiled from a diverse array of sources.

Breeding Range Overlap with Cities. \We reviewed the breeding ranges for all

of our focal species of birds (see reference list in S Appendix) and intersected
these range maps with the geographic locations of the 492 cities identified
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above. We then removed any dominant-subordinate species pairs from fur-
ther analysis if the geographic breeding ranges of both species did not overlap
at least one of our focal cities. For the remaining species, we identified the
cities that fell within their geographic breeding ranges, allowing us to design a
separate survey for each city, which we used to query birdwatchers and or-
nithologists as to whether or not these species breed in urban environments of
the cities within their breeding ranges. Cities that were overlapped by both
dominant and subordinate species within a species pair were designated as
“sympatric” for that species pair; cities overlapped by only the dominant or
subordinate species within a species pair were designated as “allopatric.”

Surveys of Cities. We used SurveyMonkey (https://www.surveymonkey.com/)
to create 492 individual surveys, one for each of our focal cities. For each
city, we designed a survey that asked whether the focal species with
breeding ranges that overlapped the city bred every year within urban
habitat within that city. We defined urban habitats as including urban parks
and ponds, and industrial, commercial, residential, and suburban areas, in
addition to the downtown core, but not natural areas within the city (for
example, wildlife preserves, conservation areas, or isolated patches of nat-
ural habitat) (following ref. 3). The urban habitats included in our study
differ greatly from each other in terms of structure, vegetation, disturbance,
and other characteristics. Our interest, however, was focused on the general
challenges of urbanization, and thus we included the diverse array of
human-altered habitats collectively associated with urbanization. Including
this diversity of urban habitats might have increased variation in the pat-
terns of occurrence across species in our study; however, our results still
show broad repeatable patterns (Fig. 2).

We recruited prospective survey respondents who would be most
knowledgeable about the breeding occurrence of birds in each city. We
achieved this by sending emails to ornithologists, naturalists, and birders
based in focal cities (e.g., editors of breeding bird atlases, ornithologists
working in museums, academics studying urbanization effects on birds,
professional birding guides, and active birders living in focal cities), and by
posting on listservs (e.g., NEOORN for the Neotropics) and social media (e.g.,
Facebook) used by active and informed groups (e.g., professional ornithol-
ogists across the Neotropics). By targeting survey respondents, we aimed to
improve the quality of our breeding occurrence data.

Each survey asked respondents to categorize each species’ breeding oc-
currence in urban habitat as follows: (/) widespread across the city, (i) local,
found only in very few locations, (iii) somewhere in between local and
widespread, or (iv) absent. Respondents could also select “not sure” if they
did not know the species’ breeding occurrence in the city. We asked re-
spondents to record the historical breeding status of species that have un-
dergone a recent major decline [e.g., Asian vultures (51)]. At the end of the
survey, we asked participants to rate their knowledge of the breeding birds
of the focal city on a scale of 1 (“I know the city’s birds a little bit”) to 5 (“I
know the city’s birds very well), with 3 being intermediate (I know the city’s
birds moderately well”). In rare cases where the respondent did not score
their knowledge of the breeding birds of the focal city, we assigned the
minimum score of 1 to their response. All surveys were anonymous; how-
ever, an optional section at the end of the survey allowed respondents to
provide comments and contact information. We provide an example survey
for Toronto, Ontario, Canada, that illustrates the specific format and ques-
tions as presented to respondents (S/ Appendix, Fig. S5).

Calculated Variables. We recoded breeding occurrence survey responses as
follows: absent = 0; local, found only in very few locations = 1; somewhere in
between local and widespread = 2; widespread across the city = 3. We then
calculated one breeding occurrence score per species per city by averaging
responses across observers for each species within each city, weighted by
their self-reported ability (1-5) as follows: [sum(breeding occurrence score x
ability score)]/[sum(ability scores)]. The resulting values ranged continuously
from 0 to 3 and were then used in plotting and statistical analyses testing
among the predictions of our alternative hypotheses.

To characterize the propensity of species pairs to breed within cities, we
calculated one urban-breeding propensity score for each phylogenetically in-
dependent species pair as follows: the maximum breeding occurrence value
within a species pair for each city, averaged across all focal cities that over-
lapped their breeding ranges. Our focal hypotheses generate predictions that
vary with this urban-breeding propensity score, which provides an estimate of
the degree to which cities present species with challenges or opportunities.

Phylogeny. We obtained a phylogeny for our focal species from birdtree.org

(52). We first downloaded 1,000 phylogenetic trees for our focal species
from the “Hackett all species” set, and then selected the maximum clade
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credibility tree from these using TreeAnnotator in the program BEAST
[version 1.8.1; ref. 53]. We imported our final maximum clade credibility tree
into R using the R package ape (54).

Geographic Variation. We tested for geographic variation in our results by
assigning each of our focal cities to a continent (Africa, Asia, Australia,
Europe, North America, South America). For the purposes of our analysis, New
Zealand was included with Australia, and Central America and the Caribbean
were included with North America.

Climate, Population, Economic Development, and Sampling Data for Cities.
After finding significant variation among continents, we tested 12 hypoth-
eses that could potentially underlie this geographic variation.

i) Latitude (decimal degrees). We hypothesized that latitude could ex-
plain geographic variation in our main result because latitude is
thought to correlate with many factors, such as intensity of biotic se-
lective pressures (55), that could impact when and how dominant and
subordinate species interact. We obtained latitude for each of our
focal cities from various internet sources, using absolute latitude for
each city in the analyses.

ii) Mean annual temperature (degrees Celsius). We hypothesized that
relatively stronger or more effective biotic selective pressures at
warmer temperatures might promote ecological divergence among
closely related dominant and subordinate species (56), allowing them
to coexist in warmer cities. We obtained average monthly tempera-
tures for the terrestrial earth (1970-2000; from ref. 57; worldclim.
org/version2, 10-min resolution). We imported these data into ArcGIS
10.1 (ESRI) and spatially joined our focal cities to the climate data using
the join function. We then took the average temperature across the
12 mo for each city, and used these average annual temperature values
in analyses.

iif) Annual net primary productivity (NPP) (grams of carbon per square
meter per year). We hypothesized that more available energy might
allow closely related dominant and subordinate species to coexist
within cities (58). As an estimate of available energy, we used global
estimates of NPP (from ref. 59; 0.5° latitude and longitude resolution;
data.ceda.ac.uk/badc/islscp2/data/carbon/model_npp_xdeg/), repre-
senting values averaged across 17 different global models. We import-
ed these data into ArcGIS 10.1 and spatially joined our focal cities to
the NPP data using the join function, providing an annual NPP value
for each city for use in analyses.

iv) Economic development. We hypothesized that changes in the abun-
dance and distribution of resources associated with economic develop-
ment (40, 42) might influence the interactions between, and patterns
of coexistence of, dominant and subordinate species in cities. We
obtained categorizations of economic development from the United
Nations (27) for all of our focal countries, where economic develop-
ment was categorized as follows: developing economies, economies in
transition, and developed economies. We used these designations as
categorical predictors in analyses.

v) Human population size of cities. We hypothesized that larger cities
(more people) might alter the interactions between, and patterns of
coexistence of, dominant and subordinate species in cities. We
obtained population size data for our focal cities as described above
(Selection of Cities).

vi) Phylogeny/taxonomy. We hypothesized that evolutionary radiations of
birds on some continents might be less likely to differ in their breeding
occurrence in cities because of shared evolutionary histories. We tested
this idea using both a phylogeny of our focal species (included as a
random factor in statistical models), and by incorporating taxonomic
order as a fixed factor in statistical models. Details of the phylogenetic
data are provided above (Phylogeny). Taxonomic orders followed the
International Ornithologists’ Union classification (46).

vii) Number of observers. We hypothesized that cities with more respon-
dents might have more accurate estimates of breeding occurrence, and
differences in accuracy among cities could explain geographic variation
in our main result. Thus, we recorded the number of different ob-
servers that completed our survey for each focal city for use in analyses.

viii) Ability of observers. We hypothesized that cities with respondents that
knew the breeding birds better might have provided more accurate
estimates of breeding occurrence, and that differences in observer
ability among cities could explain geographic variation in our main
result. Survey respondents rated their knowledge of the breeding birds
of each focal city on a scale of 1 (“l know the city’s birds a little bit") to
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5 ("l know the city’s birds very well), with 3 being intermediate (
know the city’s birds moderately well”). We calculated the average
value across respondents for each city for use in analyses.

ix) Number of species per city. We hypothesized that cities with a larger
sample of focal species might be more likely to show differences in
breeding occurrence between dominant and subordinate species,
and variation in sample size of species across cities could explain geo-
graphic variation in our main result. For each city, we counted the
number of species for which we obtained breeding occurrence data
used in our analysis and used these values in analyses.

x) Number of urban-adapted species that occur in sympatry. Our main
pattern involved differences in breeding occurrence among urban-
adapted species in sympatry. The tendency for closely related species
to occur in sympatry varies geographically (60), and thus we hypothe-
sized that variation in the number of sympatric, urban-adapted species
could explain the geographic variation in our main result. For each city,
we counted the number of species for which we obtained breeding
occurrence data that were used in our analysis, and that were both
sympatric with the other member of their species pair, and had high
values of urban adaptation (above a value of 1.743, based on initial
breakpoint analyses that suggested a breaking point in relationships
between urban-breeding propensity and breeding occurrence as a
function of dominance in sympatry at that value).

xi) Whether or not the continent where the focal city is found includes the
centroid of the focal species range. We hypothesized that the ability of
species to occupy cities, or the interactions among dominant and sub-
ordinate species, might vary between areas central versus peripheral to
the breeding ranges of a species, and that this variation on a continen-
tal scale could explain geographic variation in our main effects. We
thus calculated the area-weighted mean latitude and longitude (cen-
troid) of the breeding ranges of our focal species, using range maps
(61) and the calculate geometry function in ArcGIS 10.1 (ESRI). Once
the centroids were calculated, we recorded which continent held the
centroid for each focal species. In cases where the centroid fell within
an ocean, we recorded the geographically closest continent to the
centroid. We then coded each record as “inside” if the focal record
was within the same continent that held the centroid of the species’
breeding range, or “outside” if the focal record was from a different
continent than the species’ centroid.

xii) Whether or not the continent where the focal city is found includes the
location where dominance data were gathered for the focal species
pair. We hypothesized that the interactions among dominant and sub-
ordinate species characterized by our dominance data could change at
increasing distances, and at a continental scale, thus explaining geo-
graphic variation in our main result (however, for evidence of little
geographic variation in dominance relationships, see ref. 14). We thus
recorded the continent(s) from which dominance data were collected,
and then coded each record as “same” if the record came from the
same continent(s) that provided dominance data, or “different” if the
record came from a different continent.

Statistical Analyses. We conducted all of our statistical analyses and data
plotting in R (62). We provide the R code that we used for our analyses and
figures, along with the datasets, in the data repository Dryad.

We tested the predictions of alternative hypotheses for how competitive
dominance might influence urban-breeding occurrence as a function of ur-
ban adaptation using mixed-effects models, with breeding occurrence data
(one value for each species in each city that overlapped its breeding range) as
the response variable, and relative dominance, propensity of the species pair
to breed in cities, and sympatry as predictors in a saturated model (i.e., all
interactions among predictors were included), and the phylogenetically in-
dependent species pair as a random factor. We rescaled breeding occurrence
data within each species pair, as follows: zbreed.occur = [breeding occur-
rence value — mean(breeding occurrence for the species pair)l/[2 x SD
(breeding occurrence for the species pair)]. This rescaling resulted in each
species pair having a mean zbreed.occur value of 0 and SD of 0.5. We also
rescaled the urban-breeding propensity scores across the dataset using the
rescale function in the R package arm (63), which subtracts the mean and
then divides by 2 SDs. We did not use this function to rescale our response
variable because we wanted to rescale values within each species pair, rather
than across all of the data, thereby removing the correlation between
breeding occurrence and urban-breeding propensity scores.

Linear mixed-effects models did not fit our data well; thus, we moved to
Bayesian generalized linear mixed models (MCMCglmms) to test the pre-
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dictions of our hypotheses. We ran saturated MCMCglmm:s in the R package
MCMCglmm (64, 65). We specified uninformative priors for the fixed effects
so that all variance parameters were estimated (64). We specified priors
where V = 1 and nu = 0.002 for both R and G structures, following Hadfield
(64, 65). We used a Gaussian distribution and ran simulations for 50,000 it-
erations, with a burnin of 10,000 iterations and a thinning interval of 1. We
did not thin our simulations, following recent recommendations (66). We
ran each model three times and tested for convergence across the three runs
using Gelman and Rubin’s convergence diagnostic [ge/man.diag function in
the R package coda (67)], where the upper limits should be close to 1 (67).
We also examined trace plots to ensure that there were no trends across
runs, effective sample sizes to ensure that all values exceeded 200, Geweke's
convergence diagnostics [geweke.diag function in the R package coda (67)]
that compare the first 10% with the last 50% of the Markov chain and
should generally show absolute values <1.96, and density plots to ensure
symmetry and approximate normality of the posterior distributions of pa-
rameters (following refs. 64, 65, 68, and 69). Our simulations generally
showed evidence of good convergence, effective sample sizes, and posterior
distributions (see S/ Appendix, Figs. S6-S9 for trace and density plots and S/
Appendix, Table S6 for diagnostic results for our main models).

We used a Gaussian, rather than ordinal, distribution for our models
because the most appropriate analysis of our data required us to (i) calculate
the mean breeding occurrence values across observers for each species in
each city, (ii/) weight breeding occurrence scores used to calculate these
means by the self-reported ability of each observer, and (iii) remove the
correlation between urban-breeding propensity and breeding occurrence by
rescaling breeding occurrence values (i.e., subtracting the mean, dividing by
2 SDs) within independent dominant-subordinate species pairs. By calcu-
lating standardized, weighted means as our response variable, we could no
longer use models with ordinal distributions. Nonetheless, rerunning our
models using an ordinal distribution [either on raw values (n = 14,681 ob-
servations) or on rounded means (n = 5,618 data points)] yielded similar
results, even though these models did not fit our data as well (trace plots
showed repeated fluctuations or trends).

Initial plots of rescaled data suggested that the relationship between
urban-breeding propensity and breeding occurrence in sympatry might be
nonlinear or show a breakpoint. Thus, we ran three additional saturated
MCMCglmm models as before with the same model checks, one with a
second-order polynomial (orthogonal) for urban-breeding propensity, and
the other with two different breakpoints. We identified the best point for
breaks using breakpoint analyses restricted to subordinates in sympatry, then
dominants in sympatry. The best-performing model [lowest deviance in-
formation criterion value (DIC)] was the first model without polynomials
or breakpoints.

One of our central hypotheses (H,) predicts a three-way interaction be-
tween predictor variables (i.e., the effects of dominance on breeding oc-
currence depends on both urban-breeding propensity and sympatry; Fig.
2A), and thus we reran our best-performing MCMCglmm model with the
three-way interaction term removed. We ran and checked the models as
before and assessed the importance of the three-way interaction using
differences in DIC, in addition to the model estimates.

Our calculations of urban-breeding propensity scores used the maximum
breeding occurrence values for each species pair for each city where the
species were sympatric. This approach could potentially create a bias between
allopatry and sympatry because allopatric values (i.e., breeding occurrence
values from cities that only occur in one of the species’ breeding distributions)
within a species pair always contribute to the calculations used to derive
urban-breeding propensity scores, while only one-half of the sympatric
values within a species pair contribute (only the higher of the two values per
city that occurs in both of the species’ breeding distributions). We tested
whether this potential bias impacted our results by calculating an alternative
urban-breeding propensity score as the mean breeding occurrence value
within a species pair across all focal cities that overlapped their breeding
ranges. We created plots of this mean urban-breeding propensity score (S/
Appendix, Fig. S10) and reran our best-performing model with this mean
score substituted for the maximum values used in our main models. We ran
and checked the models as before.

The bounded nature of the urban-breeding propensity scores meant that
for species to have extreme values (close to 0 or 3), most breeding occurrence
values must also be 0 or 3, respectively, leading to a potential for convergence
of relationships at the extremes. Such convergence was apparent, especially
when calculating urban-breeding propensity values using means and
when examining presence—absence. Incorporating polynomial expressions
for urban-breeding propensity scores helped to address this issue in our
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statistical models, but our main analysis did not show strong patterns of
convergence (Fig. 2B).

Our main analysis discovered significantly lower breeding occurrence
values for urban-adapted subordinate species in sympatry (Fig. 2). We
wanted to know whether this result reflected the increased absence of
urban-adapted subordinate species from cities in sympatry, whether urban-
adapted subordinate species persisted in cities in sympatry but were less
widespread, or both. To test for changes in presence versus absence, we
reclassified raw breeding occurrence values as either present (value > 0) or
absent (value = 0). We then ran a MCMCglmm model with the same
predictors and random factor as before, but with a “categorical” (bivariate)
distribution. We adjusted the prior to match a bivariate response variable
with two levels (presence, absence). We ran the model with the same
specifications (iterations, burnin, etc.) and model checks as in previous
models.

To test whether urban-adapted subordinate species persisted in cities in
sympatry but were less widespread, we created a new dataset that excluded
all records where species were absent (i.e., raw breeding occurrence = 0). We
then ran models with the same predictors, random factor, specifications, and
model checks as our main model.

Upon finding evidence for lower breeding occurrence values for urban-
adapted subordinate species in sympatry, we wanted to know whether
this result was caused by one or a few lineages in our dataset. To address this
question, we ran analyses with (i) the full phylogeny of our focal species as a
random factor, and (ii) taxonomic order (n = 19) as a fixed effect in a sat-
urated model. Incorporating the phylogeny allowed us to account for phy-
logenetic variation in the standardized breeding occurrence values across
our dataset. Incorporating taxonomic order and its interactions with our
main effects allowed us to test whether our main effects varied across tax-
onomic orders. We could not test for variation in our results at the level of
taxonomic family or below because we had 66 families in our dataset with
46 families represented by only one or two comparisons.

We incorporated phylogeny as a random factor into our previous satu-
rated MCMCglmm model, with rescaled breeding occurrence as the response
variable, and dominance, rescaled urban-breeding propensity score, and
sympatry as predictors. Initial runs showed low values for the effective sample
size for phylogeny (less than 200), so we ran simulations for 150,000 iterations
with a burnin of 10,000 iterations. We used a thinning interval of 10 to reduce
the amount of data used for model checking and plotting. We tested whether
accounting for phylogenetic variation in breeding occurrence influenced our
main result by running two models and comparing model performance using
DIC: one saturated model, and the other with the three-way interaction term
removed (both models with phylogeny as a random effect).

We tested the effect of taxonomic order on our main result by adding
taxonomic order as a predictor variable into a saturated model with our main
effects (dominance, urban-breeding propensity, sympatry). Initial runs with
phylogeny as a random effect performed poorly, with low effective sample
and poor convergence for the random factor; thus, we ran these models with
species pair as the random factor. Following the run of the saturated model,
we ran the model again with the four-way interaction (dominance: urban-
breeding propensity: sympatry: taxonomic order) removed and compared
model performance between the two models using DIC. If variation in our
main result (dominance: urban-breeding propensity: sympatry) across taxo-
nomic orders was important, then we predicted that removing the four-way
interaction should reduce model performance. We kept the same specifi-
cations (iterations, burnin, etc.) as in initial models. For all phylogenetic and
taxonomic models, we tested for convergence, adequate sample sizes, and
normal and symmetrical posterior distributions as described above for our
first MCMCglmm model.

We tested for geographic variation in our main effects by adding continent
as a predictor variable into a saturated model with the main effects (dom-
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inance, urban-breeding propensity, sympatry). We ran the saturated model,
followed by the same model with the four-way interaction removed, and
compared model performance between the two models using DIC. If variation
in our main result across continents was important, then we predicted that
removing the four-way interaction should reduce model performance. We used
the same model specifications and checks as the initial MCMCglmm models.

We found significant variation in our main result across continents, leading
us to ask why. We tested the predictions of all possible alternative hypotheses
that we could think of to explain continental variation. These alternative
hypotheses involved differences in (i) latitude (absolute values), (i) tem-
perature (average annual), (iii) available energy (estimated by models of
NPP), (iv) economic development, (v) human population size of cities, (vi)
phylogeny/taxonomy, (vii) number of observers reporting, (viii) ability of
observers reporting, (ix) number of species per city, (x) number of urban-
adapted species occurring in sympatry per city, (xi) whether or not the focal
continent included the centroid of the focal species range, and (xii) whether
or not the focal continent included the location where dominance data were
gathered for the focal species pair. For all hypotheses, we predicted that if
the candidate factor caused the continental variation that we found, then it
should perform better than continent when included as a predictor variable
in a saturated model (with dominance, urban-breeding propensity, sympatry
as the other predictors). We also predicted that the candidate factor should
interact with our main effects (as continent did), such that the inclusion of a
four-way interaction term with the candidate factor significantly improved
the model. To test these predictions, we ran two models for each candidate
factor: one with the candidate factor, dominance, urban-breeding pro-
pensity (either linear, or with a polynomial—whichever had the lowest DIC
score), and sympatry as predictor variables, and a second identical to the first
but with the four-way interaction removed. We compared model perfor-
mance between these two models and the model without the candidate
factor (i.e., only dominance, urban-breeding propensity, and sympatry in-
cluded) using DIC, with a lower score indicating the model that performed
better. For the phylogeny test, we also reran the original models with
continent as a predictor, but added a full phylogeny as a random effect,
comparing the saturated model (continent, dominance, urban-breeding
propensity, sympatry) to the same model with the four-way interaction re-
moved. We used DIC to compare saturated models with each candidate
factor to the saturated model that included continent to test the prediction
that the model including the causal factor would perform better than the
model that included continent.

Additional Analyses. We performed additional analyses to ensure that our
results were robust to alternative statistical approaches. These analyses in-
cluded testing for spatial autocorrelation in our residuals, reanalyzing our
data using generalized least-squares models that incorporated spatial au-
tocorrelation, retesting our main results using the subset of species pairs for
which quantitative dominance data were accessible, and testing for variation
in our main results across level of economic development using presence-
absence data that might be less prone to cultural bias (S/ Appendix).
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